Introduction
In Japan, the number of ''open-plan'' type classrooms in elementary school buildings has increased in recent years. Generally, the sound insulation between adjacent rooms is inadequate for these classrooms. Therefore, in the present study, the possibility of improving the sound insulation properties of these classrooms through both proper classroom arrangement and interior finishing was investigated by numerical analysis.
Numerical analysis outline
The finite difference time domain (FDTD) method [1] was used for the numerical analysis in the present study. In our calculations, the discrete time step and spatial grid size were set at 0.08 ms and 0.05 m, respectively. Assuming an impulse source as a sound source, a smoothly continuous distribution of sound pressure with a half-sine-wave shape was initially set. Two classrooms and an adjacent open space connecting the two rooms were modeled in various configurations, as described below. For the room boundary condition, the sound absorption coefficient was given by setting the acoustic impedance of each part of the room surfaces. From the results obtained by the FDTD method, the sound pressure exposure level (L pE ) in the octave band centered at 500 Hz was calculated by assuming that the acoustic energy level of the sound source was 100 dB.
Comparison of results of numerical analysis and field measurement
To confirm the validity of the FDTD method, the sound pressure level in real open-plan type classrooms was measured and compared with the results of the numerical analysis. Figure 1 shows the dimensions of the classrooms of the present investigation, along with the positions of the sound source and receiving points.
In the measurement, a dodecahedral omnidirectional loudspeaker system (TS-12S) was positioned in one of the classrooms at a height of 1.5 m above the floor and a broadband noise was radiated. At the receiving points, omnidirectional microphones were positioned at a height of 1.2 m above the floor. From the measurement results, the sound pressure level (L p ) in the octave band centered at 500 Hz was obtained and normalized by assuming that the sound power level of the sound source in the band was 100 dB. The above-mentioned numerical analysis was performed using the same classroom dimensions and measurement points. Table 1 lists the finishing materials of the surfaces in the classrooms and the sound absorption coefficient assumed in the numerical analysis.
The spatial distribution of L pE obtained by the numerical analysis and that of L p obtained by the measurement are in fairly good agreement, as shown in Fig. 2 . Thus, the numerical analysis method used in this study is confirmed to be useful for examining the sound transmission characteristics of open-plan type classrooms.
Numerical study on sound transmission between rooms
The sound propagation between open-plan type classrooms was investigated by the FDTD method by changing the room arrangement and boundary conditions. Figure 3 shows the standard model of the classroom arrangement and the parameters examined herein. The values of L pE at the points on the 50-cm grid plane at a height of 1.2 m above the floor in the receiving room were obtained, and L pE contour maps were illustrated, as shown in Fig. 7 . In addition, L pE was calculated at the 1-m grid points on the horizontal plane of a 6 m square in the receiving room (see Fig. 3 ), and the calculated values were then averaged.
Effect of absorption treatment on ceiling
Figures 7(A-1) and 7(A-2) show the L pE contour maps for the sound absorption coefficients () of the ceiling values of 0.1 and 0.8, respectively. These figures clarify the effect of the sound absorption treatment on the ceiling. Figure 4 shows the mean values of L pE in the receiving room corresponding to the values of ranging from 0.1 to 0.8. The effect of sound absorption increases with an increase in up to 0.6, although the effect appears to saturate at the values of ranging from 0.6 to 0.8.
Effect of classroom arrangement
Since separating the adjacent classrooms was expected to lessen the sound transmission, FDTD calculation was performed such that the distance between the rooms was varied as 0 m, 4 m, 6 m and 8 m under the same sound absorption conditions of the ceiling ( ¼ 0:8). As a result, the variation in the mean L pE value in the receiving room was very small, as shown in Fig. 5 . A comparison between the contour maps of Figs. 7(A-2) and 7(B) reveals a smoll difference in L pE .
The effect of the open space connecting the two classrooms was investigated by changing its width in steps of 4 m, 6 m and 8 m. As a result, it was found that the sound transmission into the receiving room can be lessened by widening the open space, as shown in Fig. 6, Figs . 7(C-1) and 7(C-2). In addition, the investigation of the staggered arrangement of classrooms shown in Fig. 7(D) revealed that the sound transmission can be reduced by 3.4 dB compared with the case of the basic model shown in Fig. 7(A-2) .
Effect of outward inclination of wall of open space
In addition to the above-described investigations, we investigated the potential for reducing the sound propagation between two rooms by inclining the wall of the open space outward. We found that the mean L pE value in the receiving room can be reduced by 1.0 dB for a 5-degree inclination and by 4.4 dB for a 10-degree inclination compared with the case of the basic model, as can be seen by comparing Figs. 7(A-2) and 7(E).
Conclusions
In the present study, the sound transmission between open-plan type classrooms was investigated by FDTD analysis such that the room boundary conditions and room arrangement were varied. As a result, the proposed analysis method was confirmed to be useful in the basic design of open-plan type classrooms. In the future, further studies will be performed and the simulation technique proposed herein will be improved so as to provide an effective tool for use in the acoustic design of school buildings.
